Despite intensive research, the success of artificial small-diameter vascular grafts has yet to match that of natural grafts like the saphenous vein. One of the possible reasons is mechanical mismatch of the graft to the host vessel. The study of compliance (dilatability under pressure) has not been conclusive, especially after a series of recent investigations on vein graft evolution. Lately, the focus has been shifting towards more detailed characteristics, like anastomic behaviour, longitudinal elasticity, and flow-related variables. When the relevant property is identified, it should be included in the criteria for design and use of vascular prostheses. (Int J Artif Organs 1992; 15: 579-84) 
INTRODUCTION
Compliance, a factor in graft patency? Definition 
and metrology issues
Historically, the first mechanical property to be studied has been the ability to dilate under pressure, or compliance. Compliance is commonly defined as the percentage of increase in diameter (i.e. circumferential strain), divided by the corresponding increase in transmural pressure (usually expressed in mmHg).
For instance, an artery 6 mm in diameter has a compliance in the range C = 5 to 10% x 10-2/mmHg.
For the upper figure, a 50 mmHg pressure pulse results in an increase in diameter of 0.3 mm. The compliance of vein grafts at arterial pressures is about five times smaller, with C = 2 x 10-2%/mmHg (in other words, the vein is 5 times stiffer). Synthetic grafts, until recently, were even stiffer (C Atherosclerotic arteries or otherwise damaged, defective or diseased blood vessels are often replaced by vascular grafts to restore blood flow to downstream organs or limbs. In the past 20 years, a great deal of research was performed to improve the success of vascular grafts (1, 2) . Synthetic grafts (PTFE, Dacron) are widely and successfully used in large diameter (> 6 mm), high flow conditions. Similar success has yet to be achieved with small-diameter grafts, usually in low-flow conditions (3) . Synthetic grafts are used when neither the in situ autologous internal mammary artery (IMA) (for coronary surgery) nor the autologous saphenous vein (SV) are available. Occlusion of grafts occurs by thrombus (mostly for synthetics), medial and intimal thickening ("hyperplasia"), and for vein grafts, atherosclerosis (4) .
Many physical properties are critical to the performance of a synthetic vascular graft, biocompatibility being the most important (5) . In addition, there has been a sustained interest in their elastic mechanical properties. 1 x 10-20/o/mmHg) (6, 7), although figures for modern synthetic grafts have improved (8, 9) .
This simple definition of compliance is satisfactory for artificial grafts, because they are usually thinwalled and have linear material properties. Their compliance is not very dependent on longitudinal strain nor on pressure. Natural blood vessels, on the other hand, have the highly non-linear properties characteristic of soft tissue (10); their compliance is a function of pressure and of longitudinal stretch (7, 11) . For this reason, compliance is usually given at 100 mmHg and at the in vivo length. The diameter entering the compliance formula can be either the internal or the external diameter of the vessel. Both give similar results for thin-walled vessels (most synthetic grafts); the discrepancy can become significant for thick-wall grafts (e.g. thickened grafts) (7) . Compliance is also directly affected by diameter mismatch, an obvious prerequisite to any other "mechanical" matching (12) .
Further metrology problems arise when small-diameter vessels with little compliance are being studied. The measured wall motions approach the resolution limits of available instrumentation, such as Echotracking ultrasound probes (13, 14) , and electromagnetic rheoangiometry (with a catheter probe sensor) (15, 16) . Furthermore, these instruments are very sensitive to experimental artifacts such as rigid-body motion of the vessel or the body, off-axis positioning of the probe, and sedation. Better resolution (and longitudinal data) can be obtained with in vitro systems, which typically measure the outside diameter and its changes by optical means (10, 11, 17) .
Compliance and patency of synthetic grafts
What initially motivated compliance studies was the fact that the patency of grafted arteries is better than that of grafted veins, which itself is better than that of synthetic grafts: this order followed that of observed patencies (7, 18, 19) . A theoretical justification was soon found: a stiff vessel impedes the transmission of the pulsatile energy of the pressure-flow wave to the downstream vessel (7, 11) . Proving this theory is made difficult by other factors, such as handling (the in situ IMA is only dissected at one end, the SV usually at both), biocompatibility (synthetic grafts being a priori the least biocompatible (20) ). Controlled 580 experiments with grafts made of the same material are necessary to isolate the mechanical factors. Compliant co-polyurethane grafts give better results in animal experiments than non-compliant ones (21) . The same result is obtained when the patency of natural vessels, glutaraldehyde-tanned to different degrees to vary compliance, are compared (14) .
The case of vein grafts
Vein grafts heal and thicken differently than do synthetics (22) . Vascular smooth muscle reacts to cyclical stretching by increasing its synthetic activity (23) . Thickening and long-term atherosclerosis of a vein graft subjected to arterial pressure might be caused by compensatory growth to take up the excess stress. Unfortunately, the process tends to continue until the lumen is obstructed. Lowering the stress by reinforcing the wall with an external mesh might thus protect the wall. Several studies (16, 24, 25) showed that wrapped (i.e. uncompliant) graft sections showed less intimal thickening than the free sections. When the radial motion of native, undissected arteries is restrained (16), intimal thickening is no different than that in unrestrained arteries. Thickening of vein grafts seems therefore to be related to excessive stresses rather than compliance mismatch. Such results can be compared to the inhibition of atherosclerosis-related events obtained by restraining the radial movement of native arteries (26) .
Alternative mechanical factors
The importance of longitudinal stretch Natural blood vessels are tethered in vivo, sustaining stretches of up to 70% over their dissected, unloaded length (11) . A proper longitudinal stretch is important to the behavior of a graft. A natural blood vessel, held at its in vivo length, and subjected to increasing pressure, will neither elongate nor shorten. On the other hand, biological and synthetic vessels that are not under sufficient longitudinal stretch, will lengthen at high enough pressures (11, 27) . If the ends are fixed, such a vessel will curve up to accomodate for its increased length, looking like a buckled beam or a kinked vessel, and deform the geometry of the anastomosis. Mechanical analysis shows that such buckling occurs when the total force (which can be measured in vitro at the plugged end of the vessel (11)) becomes negative, i.e. when it is pushing outwards instead of pulling on the ends. For a natural blood vessel, this force is constant at the in vivo length (11) , and therefore buckling does not happen and the geometry of the branching site in unaffected. There is no clinical rule for the stretch to be given to a graft at implantation, and such information is missing from most published research. A common procedure is the distention of the vessel to 100 mmHg, followed by suturing at the corresponding length; however, the graft will stay straight and tethered only until 100 mmHg, at which the tethering force is zero: beyond this pressure, buckling can occur.
Because wall stresses and flow patterns would be strongly affected by a deformed anastomosis, improper tethering at implantation is thus a possible factor of failure of a vascular prosthesis, natural or synthetic.
Different vessels are likely to have different in vivo stretches, and more importantly, different characteristic in vivo tethering forces. A precise knowledge of these parameters is necessary if the graft is to be matched mechanically to the host artery. Conversely, longitudinal mismatch could have affected available results on compliance mismatch. Many experimental protocols (14, 21) could not separate the circumferential from the longitudinal factors; in other words, results only indicate that some mechanical property is likely to be relevant to patency. To our knowledge, only one experimental protocol (28) addressed the issue of longitudinal stretch. A mild 10-15% extra stretch did not cause significant excess thickening in canine vein grafts.
Anastomotic compliance and suture lines
Another current view on mechanical matching of graft to host vessel is that differences, if any, will be felt mostly at the anastomoses, as the vessel walls are subject to abnormal cyclic stresses and/or strains. The fact that most graft thickening (excluding early thrombosis) occurs at the anastomoses supports this concept. Interest has shifted from crude compliance values to more detailed studies of anastomotic me-chanical behavior. Para-anastomotic hyper-compliant zones at the suture line were observed (14, 29) , possibly due to improper longitudinal matching resulting in slack at the anastomosis. Other studies showed that suture technique affects the anastomotic compliance (15, 30) ; control (sham-operated) arteries showed that continuous suture lines are intrinsically less compliant than interrupted ones. End-to-side anastomoses are reported to be more compliant than end-to-end ones, but show more intimal thickening (22) . The distal anastomosis occludes faster than the proximal one (31), a fact that might help indicate what are the yet-unknown relevant variables in anastomotic thickening.
Flow-related factors
Synthetic grafts are generally believed to thrombose and occlude because disturbed flow patterns like those in end-to-side anastomoses let blood be exposed longer to their thrombogenic surface (32, 33) . A study already mentioned for its completeness (28) , showed that medial thickening (mostly smooth muscle cells) of vein grafts correlates with the circumferential stresses induced by arterial pressures, whereas intimal hyperplasia correlates better with fluid effects (low flow, low shear stresses). Blood vessels are believed to thicken or enlarge in response to altered flow conditions, so that they return to baseline wall shear stress values (T w = 15dyn/cm 2 ) (34); the same argument is invoked to explain the pathology of vein grafts (21) and that of synthetic grafts (35) .
The mechanical properties of current grafts Biological grafts
Optimized freezing/thawing protocols and handling (36, 37) have revived interest in cryopreserved saphenous vein allografts. Compliance of canine veins was reported to be halved after in vitro testing at arterial pressures followed by cryopreservation (38) .
Glutaraldehyde-fixed grafts are less elastic than untreated vessels (by a factor of 6 at 100 mmHg (14) ). Glutaraldehyde-treated human umbilical veins are prone to aneurysmal dilation and rupture (39, 40) and thus require external banding (reducing their compliance further).
Acellular matrix grafts (in which only the collagen and elastin remain after enzymatic digestion) show promising results; their longitudinal and circumferential mechanical properties are close to those of the original artery (41) .
Synthetic grafts
The relevance of longitudinal properties and biaxial mechanics to vascular graft design is now recognized (7, 11) . Longitudinally elastic grafts such as Gore-Tex®'s Stretch and Baxter-Edwards's Ultratlex' (both improved PTFE) grafts have been developed, in an effort to mimic the properties of native vessels. Furthermore, modern polyurethane grafts have been made isocompliant to arteries (8, 20, 42) , but increasing compliance by changing manufacturing parameters has effects on longitudinal elasticity, and therefore some compromise seems necessary.
Although it is not the subject of this paper, the reduction of the thrombogenicity of synthetic grafts by endothelial seeding is an extremely active and important branch of vascular graft technology (43) .
Insufficiency of standards
Standards for vascular grafts are under discussion by leading researchers, in conjunction with normalization organizations, such as the ASTM (44), the AAMI and the ISO (45) . Unfortunately, the complexity and intrinsic variability of the mechanical behavior of biological grafts is overlooked, and the proposed tests of the elastic properties are simplistic (17) . Uniaxial experiments on strips or circular patches of vascular tissue cannot faithfully represent the biaxial properties of the whole vessels, in their natural cylindrical geometry.
CONCLUSION
The medical community has been showing a sustained interest in the mechanical issues raised by vascular grafting procedures. There is good evidence that, secondary to the biocompatibility of a graft, its mechanical properties have some relevance to its 582 patency. Because of experimental and conceptual difficulties, though, the ruling mechanical factor has not yet been identified. More complete data on the complex interplay of material properties, geometry and flow patterns is needed before we can design and use a satisfying small-diameter vascular graft.
